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ABSTRACT

An energy harvesting system inspired by musicplaying harmonicas was
developed for microwind power generation. The energy harvester uses flow-induced selfsustained oscillations of a piezoelectric beam embedded within a chamber to generate
electric power. While the power generation capability of the energy harvester has been
demonstrated previously, there is a lack of understanding behind the basic physics of the
driving mechanism responsible for the self-sustained oscillations. In addition, the
performance of the nonlinear multi-physics system with strong fluid and structure
coupling depends on many physical and design parameters. A systematic study on the
effects of these parameters is necessary for the design and optimization of the energy
harvester.
To address these issues, this study focuses on the modeling and finite element
analysis of fluid-structure interaction in the wind energy harvester. A full 3-D finite
element model is constructed for the device. The fundamental mechanism of the fluidstructure interaction in the device that results in the self-sustained beam vibration is
investigated. It is found that the compressibility of the fluid is the key factor. The result
indicates that the beam vibration in the wind energy harvester cannot be sustained in
incompressible fluids. By using the finite element model, the effects of a set of physical
and design parameters, such as the fluid viscosity, chamber volume, side gap and
configuration of the beam at the outlet, are studied. Based on the numerical analysis
results, a new design of the beam is proposed to obtain a larger deflection of the beam
under the given air pressure in the chamber. The increase of the beam deflection will
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induce a larger strain in the piezoelectric layer and a larger output voltage of the energy
harvester, which is desired in many applications.
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CHAPTER 1
INTRODUCTION

Wind energy is plentiful, renewable, clean and essentially free. Wind energy can
reduce greenhouse gas emissions when it displaces fossil-fuel-derived electricity. It is
considered to be more environmentally friendly than many other energy sources.
According to Global Wind Energy Council [1], at the end of 2007, worldwide capacity of
wind-powered generators was 94.1 gigawatts and globally, wind power generation
increased more than fivefold between 2000 and 2007. In the U.S., the American Wind
Energy Association has recently reported that the industry is on track to increase a total
of about 7,500MW this year (7,500MW would generate enough electricity to power the
equivalent of about 2.2 million homes) [2].
The principle application of wind power is to generate electricity. Wind turbine
technology is so far the dominant means of wind energy conversion. Large scale wind
farms are connected to electrical grids. Individual turbines can provide electricity to
isolated locations. While the wind farms are effective in terms of providing relatively low
cost and clean energy to reduce dependence on fossil fuel sources, it has many
disadvantages. For example, wind turbines are enormous and are very visible, low
frequency emissions from wind turbines can cause health problems such as headaches
and nausea. For these reasons, wind turbines are typically placed far away from human
habitation and, in large urban areas, wind power has not been utilized to generate
electricity.
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In

addition,

for

low-power

remote

wireless

environment

monitoring

microsystems, wind energy is attractive as such natural energy source is essentially
inexhaustible and, when designed and installed properly, is available maintenance-free
throughout the lifetime of the application. Such systems can be more reliable than wall
plugs or batteries. Unfortunately, as the initial cost is high even for small wind turbines, it
is not feasible to use wind turbine technology for powering remote wireless
microsystems. Other than the wind turbine technology, few other techniques exist for
wind energy harvesting. Low power anemometer-based wind energy generators [3] have
been recently proposed. This type of energy converters requires anemometer-like
complex structures, which are still large in size and low in power density (power per unit
area). They are not suitable for buildings, houses and remote wireless microsystems.
Therefore, portable and yet scalable, high power density and low maintenance wind
energy harvesting devices are desirable.
Motivated by this need for portable yet scalable high power density and lowmaintenance energy harvesters, a concept for a micropower generator that uses selfexcited and self-sustained oscillations of a piezoelectric beam to harness wind energy and
maintain low-power consumption devices has been proposed [4]. Inspired by music
playing harmonica, the harvester shown in Fig. 1 consists of a piezoelectric cantilever
unimorph structure embedded within a cavity to mimic the vibration of the reeds in a
harmonica when subjected to air blow. The operation principle of the harvester is simple.
Wind blows into the chamber and the air pressure in the chamber increases. The
increased air pressure bends the beam and opens an air path between the chamber and the
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environment. As the air passes through the aperture, the pressure in the chamber
decreases. The mechanical restoring force pulls the beam back decreasing the aperture
area and the process is repeated. These periodic fluctuations in the pressure cause the
beam to undergo self-sustained oscillations. The resulting periodic strain in the
piezoelectric layer produces an electric field which can be channeled as a current to an
electric device.

(a)

(b)

Fig 1: (a) Music playing harmonica and (b) schematic diagram of the wind energy
harvesting device.
The significance of this concept for micropower generation stems from its ability
to eliminate the shortcomings of traditional vibration-based energy harvesters and small
size wind turbines while, at the same time, combining aerodynamics with vibrations to
generate the necessary power. On one hand, this concept is based on transforming
vibrations to electricity but does not require an external vibration source eliminating the
bandwidth issues associated with resonant vibratory energy harvesters. On the other
hand, while this device depends on the presence of an aerodynamic energy field, it does
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not suffer from the scalability issues that hinder the efficiency of small size wind
turbines. The experimentally implemented wind energy harvester and its output voltage
are shown in Fig. 2.

(a)

(b)

Fig 2: (a) Experimental setup and (b) output voltage of the wind energy harvester.
While the power generation capability of the energy harvester has been
demonstrated previously as shown in Fig.2 [4], it is evident that the performance
optimization of this nonlinear system is dependent on the availability of a model that can
describe its dynamic behavior. An in-depth analysis of the fluid-structure interaction of
the device is to fill the following gaps in the knowledge:
1. There is a lack of understanding behind the basic physics of the driving
mechanism responsible for the self-sustained oscillations. Some researchers
believe that the pressure waves resulting from acoustic feedback within the
chamber are responsible for pumping energy into the cantilever (reed in the
case of the musical instruments) [5-8]. Others believe that the non-
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stationarities (unsteadiness) in the flow past the cantilever is the driving force
[9-10].
2. Although analytical studies have been carried out to address the nonlinear
response characteristics of the system [11], they have several limitations.
First, analytical models are typically based on a set of assumptions and
simplifications of the physical systems. For the energy harvesting system, it
remains unclear that to what extent these assumptions and simplifications are
reasonable. Second, the design optimization of the system may require
modifications of the structural components which can have irregular geometry
and complex configurations. It is difficult to include these design parameters
in the analytical models.
The objective of this study is to investigate the fundamental mechanism of the
fluid-structure interaction in the device that supports the self-sustained vibration of the
beam by performing three dimensional coupled fluid-structure finite element analysis
(FEA) of the device. By using the finite element model, the effects of a set of physical
and design parameters are studied for the design and optimization of the energy harvester.
Available theories that can be used to explain the system behavior include
acoustic models [5-8], non-linear dynamical models [11] and physical models. The
acoustics theory explains the vibration of the beam in terms of the acoustic impedance on
the beam from either of its sides. The configuration of the structure is described as (+,-),
where the pressure applied to the inlet opens the beam and the pressure applied to the
outlet closes the beam. In energy harvester case the impedance to the outside of beam is
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zero as it is open to atmosphere, and the acoustic impedance presented to inside of the
beam decides the criteria for self-sustained oscillations. The imaginary part of acoustic
impedance on inside surface of structure should be less than zero in order to initiate selfsustained oscillations of structure, and this is only a necessary condition.
Non-linear dynamical models explain the system from principle of energy
conservation. The system exhibits self-sustained oscillations when the energy pumped
into the system through air pressure is enough to overcome the energy dissipated by
damping. This process can be expressed mathematically as hopf-bifurcation which is a
point where two or more roots of the characteristic equations of the system crosses the
imaginary axis from the left to right half of plane [11]. The parameters and characteristics
of the system decide the criteria for hopf-bifurcation which initiates the self-sustained
oscillations of the beam.
Both the acoustic and nonlinear dynamics theories utilize reduced order models to
find the dynamic behavior and threshold pressure of the self-sustained oscillations.
Typically, a reduced order model is a set of coupled differential equations describing the
fluid flow through a sharp vent and the structure response to the applied pressure force.
The set of coupled equations are simplified and transformed into a state-space model, and
solved numerically to determine the displacement and velocity of the structure, and the
flow rate and pressure in the fluid domain.
While reduced order models employ reasonable approximations of the system to
provide efficient solution and, more importantly, physical insights of the system’s
dynamic behavior, they do not provide detailed description of the system. For example, a
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constant fluid contraction coefficient is typically used to describe the change of the crosssectional area available to fluid flow at the opening of a channel. However, it is shown in
this study that the fluid contraction coefficient is in fact time dependent in the energy
harvester. Another example is that the properties of the fluid such as compressibility and
viscosity are only approximated in the reduced order modeling.
Physical models are based on the partial differential equations of continuum
mechanics. The self-sustained beam vibration in the energy harvester can be explained as
a self-repeating physical process where the applied pressure displaces the structure which
will try to restore to the original position. The displacement of the structure increases the
gap available for flow and decreases the pressure, and the also the restoring force from
the structure increases which aids in restoring the structure to original position. The
pressure will increase as the available area for flow decreases while the structure is
returning to original position, and this whole process is self-repeating for certain range of
pressure. This process does not occur if the air pressure is too low which allows fluid to
escape from the available opening area slowly or if the pressure is too high compared to
the restoring force from the structure. Since a continuum mechanics based physical
model does not assume effective physical quantities such as flow contraction coefficient
and damping coefficient, the system is described more accurately. In addition, once the
model is established, the effect of various physical and design parameters can be readily
investigated. Although physical models have many advantages, it should be pointed out
that the numerical solution of the problem typically requires a much higher computational
cost compared to that occurred in solving the reduced order models.
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Finite element analysis has long been applied to solve various fluid-structure
interaction problems [12-14]. However, to the best of the author’s knowledge, the finite
element simulation and analysis for the wind-driven energy harvester presented in this
work is the first of its kind. In this work, the fluid-structure interaction problem is solved
through a two-way load coupling between the individual fluid and structure solvers.
Ansys and Ansys CFX are used to solve the structure and fluid parts, respectively. The
coupling algorithm iterates between the fluid and structure solvers until the loads
converge within a time step. The strong coupling between fluid and structure is modeled
by allowing two-way loading, small time-steps and more coupling iterations within a
time-step for proper convergence.
By using the physical model and finite element analysis procedure, we found that
the compressibility of the fluid is the key factor for the self-sustained beam vibration. We
show that the beam vibration in the wind energy harvester cannot last long in
incompressible fluids. Next we investigate the effect of side gap. It is found that the side
gap effect is significant as the length of beam is about seven times its width. The
response of the structure is completely different with or without the side gap. This result
indicates that a 3-D model is necessary for the analysis, design and optimization of the
device. We then investigate two beam mount configurations to study the effect of outlet
opening geometry on the threshold pressure of the vibration. Numerical results show that
the threshold pressure is higher when the beam is mounted inside the aperture. The
threshold pressure reduces significantly when the beam is mounted just above the
aperture. This phenomenon can be explained from the difference of the pressure variation
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in the two configurations. Comparing with the results obtained from a reduced order
model, we show the importance of the flow contraction coefficient in the reduced order
model. Based on the numerical analysis results, a new design of the beam is proposed to
obtain a larger deflection of the beam under the given air pressure in the chamber. The
increase of the beam deflection will induce a larger strain in the piezoelectric layer and a
larger output voltage of the energy harvester, which is desired in many applications.
The rest of the thesis is organized as follows. In Chapter 2, a reduced order model
that has been used previously is derived from the basic conservation laws of continuum
mechanics. The assumptions and simplifications associated with the reduced order are
shown through the derivation. Chapter 3 describes the finite element model of the energy
harvesting device. In Chapter 4, the effects of a set of physical and design parameters,
such as the fluid compressibility, viscosity, chamber volume, side gap and configuration
of the beam at the outlet, are studied. Conclusions are given in Chapter 5.

9

CHAPTER 2
REDUCED ORDER MODELING

In this chapter, we derive the reduced equations for the system from the
conservation laws of continuum mechanics. Through the derivation, we show the
assumptions and simplifications that are associated with a reduced order model
constructed for the fluid-structure interaction in the energy harvester.

2.1 Continuum governing equations of fluid dynamics
For Newtonian flows, the full set of governing equations of fluid dynamics
includes three conservation laws. The conservation laws are the conservation of mass,
momentum and energy [15].
Conservation of mass
As shown in Fig. 3, the conservation of mass states that the rate of mass change
within the control volume should be equal to the difference of mass flowing in and mass
flowing out of the control volume. The rate of mass change within the control volume can
be expressed as
volume (

⁄ , where mass (m) is the product of the density (ρ) and control
). The mass flowing in is the sum of mass flowing in from x-, y-

and z-directions. The mass flowing in from x-direction is
flowing in from y- and z-directions are

and similarly mass

and

, respectively, where

are the velocities of flow in x-, y- and z-directions, respectively. The mass
flowing out is the sum of mass flowing out from x-, y- and z-directions. As shown in Fig.
3, the mass flowing out from x-direction is *
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(

)

+

and similarly mass

(

flowing out from y- and z-directions are *

)

+

(

and *

)

+

,

respectively.

*𝜌𝑣𝑦

𝜕(𝜌𝑣𝑦 )
+ 𝑥 𝑧
𝜕𝑦

𝑝𝑣𝑧 𝑥 𝑦

∆z

∆y

𝑝𝑣𝑥 𝑦 𝑧

∆x

𝜕(𝜌𝑣𝑧 )
+ 𝑥 𝑦
𝜕𝑧

* 𝜌𝑣𝑧

𝜕(𝜌𝑣𝑥 )
+ 𝑦 𝑧
𝜕𝑥

* 𝜌𝑣𝑥

𝑝𝑣𝑦 𝑥 𝑧
Fig 3: Mass conservation of fluid flow in an infinitesimal control volume.

The conservation of mass in the control volume gives
(

)

*

*

(

(

)

)

+

+

Rearranging the terms, one obtains
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*

(

)

+

(1)

(

)

(

Dividing both sides by

)

(

)

)

(

(

)

(2)

, we obtain
(

)

(

)

(3)

Expanding the partial derivatives by applying the chain rule,
(

)

(4)

The first four terms can be rewritten in a total derivative and Eq. (3) can be rewritten as
(5)
where

is the total derivative of

with respect to t. Equation (5) is referred to as the

continuity equation.

Conservation of momentum
In fluid dynamics, conservation of momentum is equivalent to the force balance
in an infinitesimal control volume. Newton’s second law states that the sum of forces
(∑ ) acting on the body of control volume in x-direction should be equal to the product
of mass (
(∑

) and acceleration of the body (

) in the x-direction, i.e.,

) . The forces that are acting on the control volume can be divided into

surface forces and body forces. As shown in Fig. 4,

are the surface stresses

acting in the x-direction. Similarly,

are the surface stresses

and
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acting in the y- and z-directions respectively. The body forces are

in the x-,

y- and z-directions, respectively.

𝜏𝑦𝑥

𝜕𝜏𝑦𝑥
𝑦
𝜕𝑦

𝑥 𝑧
𝜏𝑧𝑥 𝑥 𝑦

∆z

𝜎𝑥𝑥 𝑦 𝑧

𝜏𝑧𝑥

𝜕𝜏𝑧𝑥
𝑧
𝜕𝑧

𝜎𝑥𝑥

∆y

𝜕𝜎𝑥𝑥
𝑥 𝑦 𝑧
𝜕𝑥

∆x
𝑦 𝑧
𝜏𝑦𝑥 𝑥 𝑧

Fig 4: Force balance of the control volume.
Equating the forces in x-, y- and z-directions, one obtains
(6)
(7)

(8)

Equations (6-8) can be written in vector form as
(9)
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where v is the velocity vector, T is the stress tensor containing the normal and shear
stresses, B is the vector of external body forces such as the gravity force. For a
compressible Newtonian flow, the stress T can be expressed by using the following
constitutive equation:
)(

(

)

(10)

where trD is the trace of D, and D is the rate of deformation tensor given by
(

)

(11)

Note that in Eq. (11), i,j=1,2,3 represent the 3 directions, that is,
respectively, and

represent

are

, respectively. µ is the dynamic
at 0Co and

viscosity. For air µ is

,

at 20Co. κ is the

bulk viscosity measuring the resistance of the fluid toward rapid volume changes.
Experiments show that for monatomic gasses it is reasonable to set κ = 0, while for other
gasses and for all liquids κ can be comparable or larger than µ [16]. Substituting Eqs.
(10-11) into Eq. (9), the momentum equation can be rewritten in vector from as
(

)

(

) (

)

(12)

Equation (12) is the Navier-Stokes equation. In a Cartesian coordinate system the NavierStokes equation can be written using tensor notation as
(
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)

(13)

Conservation of energy
Fluid viscosity results in energy dissipation in a flowing fluid, i.e. the mechanical
energy is converted to heat and internal energy. The energy equation in continuum
mechanics conserves the total energy in a finite control volume. In this section, we derive
the energy equation for compressible flow by following a similar procedure applied to
derive the momentum equations. The energy conservation law states that the sum of heat
added and work done by external forces to a control volume should be equal to the total
change in energy of control volume.

*𝑞𝑦

𝜕(𝑞𝑦 )
𝑦+ 𝑥 𝑧
𝜕𝑦
𝑞𝑧 𝑥 𝑦

∆z

𝑞𝑥 𝑦 𝑧

* 𝑞𝑥

∆y

𝜕(𝑞𝑥 )
𝑥+ 𝑦 𝑧
𝜕𝑥

∆x
* 𝑞𝑧

𝜕(𝑞𝑧 )
𝑧+ 𝑥 𝑦
𝜕𝑧

𝑞𝑦 𝑥 𝑧
Fig 5: Energy conservation in a control volume.
When there is no heat source inside the control volume, the total work done by the
external forces is equal to the sum of work done by surface forces and viscous stresses
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(

acting on the volume. The work done by the surface forces is equal to

) and the

work done by viscous stresses is generally denoted by ϕ as
(

)

(

(

)

)

(

(

)

(

)

)

(

(

)

(

)
(14)

)

where p is the pressure and τ are the viscous stresses. The heat added to the system is
equal to rate of change of energy fluxes in three directions which can be described by
Fourier’s law of heat conduction, i.e.,
(15)
where q, k and T represent heat flux, thermal conductivity and temperature, respectively.
Then the total rate of change of heat flux is equal to

. The total energy of the

system is the sum of the internal energy, kinetic energy and the potential energy of the
control volume. The potential energy terms are included as a source energy term, SE. The
complete energy equation can therefore be written as
(

)

(16)

For compressible flows the energy equation is generally represented in terms of enthalpy
h and internal energy I. The enthalpy is expressed by the equation of state as
(

)

(17)

Substituting Eq. (17) into Eq. (16), the energy equation is expresses in terms of enthalpy
as
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(

)

(

)

(

)

(18)

For the wind energy harvester under consideration, since the operating air velocity
is relatively small (less than 0.1 Mach number), the mechanical energy dissipation within
the chamber air compared to the energy transfer from the fluid flow to the piezoelectric
beam is small. In our experiments, no obvious temperature change is observed. For this
reason, in the current analysis of the energy harvester the temperature effect and heat
transfer are ignored. In addition, due to the short distance of the air flow, the gravitational
potential energy can be assumed as zero. The energy equation reduces to
(

)

(

)

(19)

2.2 Continuum governing equations of elastodynamics
For the moving solid structure (i.e. the beam) in the energy harvester, conservation of
mass is automatically satisfied. As the cantilever beam has a very high aspect ratio
(length to thickness ratio), the beam deflection is less than 5% of the length. In this case,
the geometrical nonlinearity does not have significant influence on the beam deflection.
Small displacement condition is assumed. Cauchy stress and engineering strain are used
for the stress and strain measures. In addition, while one can solve the energy equations
in the elastodynamic analysis of the beam, it is more convenient and efficient to represent
the overall energy loss of the beam vibration by using the damping coefficient. It is well
known that the vacuum damping ratio of metal structures is typically very small,
indicating the intrinsic mechanical energy dissipation (structural damping) is negligible in
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the beam vibration. In this work, we show that the structural damping effect is not
significant in the energy harvester. The comparison of the results with and without
structural damping is shown in Chapter 4.
In the linear elastodynamics, the conservation law of momentum leads to the
Cauchy equations of motion, which is given by
̈

Where T is Cauchy stress tensor,

(20)

is the displacement vector, and ̈ is the acceleration

vector. Hooke’s law for isotropic, linearly elastic materials reads
( ))

(

(21)

where λ is Lame’s constant, ν is Poisson’s ratio. The strain displacement relation is given
by
(

)

(22)

The boundary conditions are expressed by the surface traction t and the displacements u*
on the surface of the body, i.e.,
(23)
(24)
Where

and

are the regions of the surface where the surface traction and displacement are

applied, respectively.

2.3 Reduced order equations for fluid flow
Simplification of the continuity equation
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We start from the continuity equation, Eq. (2), which is repeated here for the
completeness of the derivation
(

)

(

)

(

(

)

)

(25)

Considering the compressibility of the fluid and allowing propagation of elastic waves
(i.e. sound waves) at finite speed, fluid density is time and position dependent and
pressure is a function of density. The speed of sound c is defined as
√

Substituting

(26)

into the continuity equation for the control volume, Eq. (25)

can be simplified as follows
( )

( )

(

( )

)

( )

( )
(27)

( )

Rearranging the terms, we have
( )

( )

(

( )

( )

( )

( )

( )

(28)
)

The left hand side of Eq. (28) can be written as the total derivative of pressure, i.e.,
(

( )

(
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)

( )

( )
)

(29)

In the reduced order modeling of the energy harvester, the fluid flow in the device
is further simplified as a potential flow along a streamline, as shown in Fig. 6. The state
of the fluid flow is defined at the two points on the two sides of the outlet opening. It is
assumed that the flow between points 1 and 2 is along a streamline, the elevation at the
points 1 and 2 is same, and the pressure difference across the outlet opening is the driving
force of the fluid flow. The pressure at point 1 is the applied pressure and the pressure at
2 is the ambient pressure, which is the reference pressure. In the analysis, we set the
reference pressure to be zero so that the pressure difference is simply the pressure at point
1 in the chamber. The simplified model given in Fig. 6 also implies that the fluid velocity
is only in the horizontal direction (x-direction). Denoting the time dependent flow rate as
U and the time dependent opening area as A, the instantaneous fluid velocity along the
streamline is simply ⁄ .
Opening
2

Structure

1
Reservoir

Inlet

Fig 6: Schematic of the reduced order model for the fluid flow.
From the above simplifications, the continuity equation, Eq. (29), can be further
reduced into an ordinary differential equation. Since it is assumed that there is no flow in
y- and z-directions, the derivatives

⁄

⁄
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. Applying the continuity

equation and assuming nearly incompressible flow on the fluid domain and considering
derivative

⁄

, the total derivative of the density becomes

⁄

⁄ . Therefore, combing Eq. (26), Eq. (29) can be rewritten as
(
where – (

)

)

(

(

)

)

(30)

is the change in the flow rate at the outlet opening

compared to the steady input flow rate,

, at the inlet of the device. The last term in Eq.

(30) is the rate of fluid volume change, which is due to the displacement of the beam. For
the cantilever beam deflection, it has been shown that

⁄

can be approximated as

0.4WLdx/dt [6] where W and L are the width and length of the beam, the non-uniform
displacement of the beam is accounted for through the coefficient 0.4. Finally the
ordinary differential equation corresponding to the continuity equation for the simplified
model shown in Fig. 6 is obtained as
(

)

(31)

Simplification of the momentum equation
In this section the momentum equation (Navier-Stokes equation) is reduced to the stream
line Bernoulli equation by assuming the fluid flow is inviscid and irrotational. The
Bernoulli equation is then further reduced into an ordinary differential equation according
to the simple model of the device as shown in Fig. 6. The Navier-Stokes equation is
repeated here for the derivation,
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(

)

(

) (

)

(32)

Assuming the flow is inviscid, we have shear stresses
normal stresses

and the

. In addition, the second and third terms on the

right hand side of Eq. (32) vanish due to the zero viscosities in an inviscid flow. The
deletion of the third term, (

) (

), also implies that the compressibility effect

in the momentum equation is neglected since the divergence of velocity is not zero in a
compressible fluid flow. The momentum equations for an inviscid flow is then obtained
from Eq. (32) as
(33)
(34)

(35)

When

the

irrotational,

inviscid

flow

⁄

⁄

can be substituted by

⁄

⁄

function such that

and

is

along

the

⁄
⁄

⁄

potential such that the body forces

streamline,
and

the
⁄

flow

is

. Let ϕ be a

and Ω be the body force
⁄

⁄

Bernoulli equation along the stream line for inviscid flow can be obtained as
(36)
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.

Integrating the above equation with respect to x states the conservation of energy along a
streamline in x-direction, i.e.,
(

)

(

)

(

)

(37)

Similarly in y- and z-directions, we have
(38)

(39)

Since the left hand sides of Eqs (37-39) are identical, the forces on the right hand side
(

must be equal, i.e.

)

(

)

(

)

( ) , where

( ) is only a

function of time. The magnitude of the velocity can be expressed in terms of vx, vy and vz
as | |

(

)

. Equation (37) can be rewritten as
| |

(40)

( )

Since, in the simplified model shown in Fig. 6, the fluid velocity is only in the xdirection, Eq. (40) is then
(41)

( )

Equation (41) is the unsteady state Bernoulli equation. Applying the unsteady Bernoulli
equation along the streamline of flow between points 1 and 2 as shown in Fig. 6, we have
|

|

|

|

|
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|

∫

(42)

For the x-directional flow, the body force at the points is the same. In addition, the
outside pressure at point 2 is zero and the velocity at point 1 is negligible compared to the
velocity at point 2. Therefore, the pressure drop across the opening is due to change in
kinetic energy and the potential

along the streamline, and Eq. (42) becomes
|

|

(∫

)

(43)

From the definition of the flow rate U and denoting the distance between points 1 and 2
as δ, Eq. (43) can be rewritten as
(

(44)

)

When the beam is vibrating, the outlet opening area is a function of the beam deflection.
The instantaneous exit area can be approximated as [6]:
( )
where

(

)

(45)

is the flow contraction coefficient and u is the tip displacement of the beam.

Equation (45) becomes
(

( )

( )

)

(46)

2.4 Reduced order equations for the cantilever beam
In the structural reduced order modeling of the energy harvester, the continuous
cantilever beam is modeled as an equivalent single degree of freedom (SDOF) massspring-damper system, as shown in Fig. 7.
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Figure 7: Reduced order model for the beam subjected to uniform pressure.
In mapping the continuous beam with distributed fluid pressure to the SDOF
system, the equivalent or effective spring constant, mass, and external force need to be
calculated from the beam. The natural frequency of the mass-spring-damper system is
given by
(47)
√

where K is the spring constant (i.e. stiffness of the beam) and m is mass of the beam. The
stiffness is given by [16]
(48)

and the mass is given by
(49)
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where W, L, ρ, h are the width, length, mass density and thickness of the beam,
respectively, E is the Young’s modulus of the beam material. The tip deflection of the
beam is given by
( )

where u is the tip deflection of the beam, t is the time,
coefficient and

(50)

is the linear viscous damping

( ) is the pressure applied on the top of the beam. Note that, in the

approximation of the beam deflection by using the mass-spring-damper model, the
pressure on the beam is assumed to be uniform and the viscous damping due to the air is
represented by the damping coefficient.
The combination of the reduced order continuity equation shown in Eq. (31),
unsteady Euler-Bernoulli equation shown in Eq. (46), and the SDOF equation of motion
shown in Eq. (50), gives a complete set of ODEs that can be solved iteratively. In the
three coupled equations, the unknowns are the fluid pressure p, transient flow rate U and
the tip displacement u of the beam. The set of equations can be written in a state space
form which contains a set of first order ODEs. Rewriting the reduced order governing
equations as
(51)
( )

( )

(52)
( )

(
and denoting

, ̇

( )
)

and

(53)

, are rewritten in state space form as
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̇

(54)

̇

(
( )

̇

)

( )

(56)
( )

̇

(

(55)

( )
)

(57)

The coupled equations are solved using the ODE solver in Matlab. The inlet flow
rate U0 is the input parameter for the solution. The equations are solved for displacement
and velocity of the structure, and pressure and flow-rate of the fluid. The amplitude and
frequency of the oscillation are determined from the tip displacement. A key performance
measure is the threshold pressure that starts the self-sustained oscillation of the cantilever
beam. The lower the threshold pressure, the lower the wind velocity required to start the
energy harvesting. The threshold pressure is determined by bisection method in which the
interval of pressure is bisected continuously until an accurate solution is found.

2.5 Comparison of the reduced order and continuum models
In Table 1, the reduced order and continuum models are compared. Key
assumptions and simplifications made in the derivation of the reduced order model are
listed. As will be discussed in Chapter 4, this comparison enables the identification of the
factors that cause the self-sustained beam vibration and the modeling considerations that
affect the accuracy of the results.
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Table 1 Comparison of the reduced order and continuum models

Reduced order model

Continuum model

Fluid flow is modeled using a 2-point Fluid flow is continuous in the 3-D space
streamline configuration
Compressibility of the fluid is modeled Compressibility is modeled through the
using

the

sound

velocity

in

the varying mass density in the governing

continuity equation

equations.

Flow is inviscid

Viscous flow

Fluid flow is irroational

Does not assume irrotational flow

Velocities in y- and z-directions are zero

Velocities in the 3 directions are computed

Pressure is uniform on the surface of the Pressure
beam

distribution

depends

on

the

deflection of the beam

Outlet opening cross sectional area Outlet opening is directly computed using
change is modeled using the contraction the actual geometry of the device
coefficient assuming

a channel-like

configuration
Energy dissipation from the beam to the The energy exchange between the beam and
air is modeled using the damping air is directly computed from the fluidcoefficient in the mass-spring-damper structure interaction
equation of motion
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CHAPTER 3
FINITE ELEMENT MODELLING AND ANALYSIS

Multi-physics problems involve coupling between two or more different physical
domains. Each domain may contain multiple unknown physical quantities that are
required to be solved for. In most cases, the coupled responses of these physical
quantities are nonlinear. For this reason, multi-physics problems are usually difficult to
solve analytically. Finite element analysis (FEA) provides detailed information of
coupling between the domains and physical insights of the relationship between the
quantities. FEA is particularly powerful for conducting parametric studies for the design
and optimization of the system.
Multi-physics problems can generally be solved by using two types of methods.
The first is the monolithic approach in which the governing equations of different fields
are coupled into a single system of equations to solve the problem simultaneously [17].
The second method is to solve the problem sequentially with each field solved separately
and coupled through a coupling algorithm [18]. The monolithic approach is more suitable
for simple problems for which it is easy to couple the different governing equations
mathematically and solve the problem simultaneously. The sequential approach is more
convenient when each physical domain involves multiple nonlinear governing equations
or requires a complex solver particularly developed for the problem.
In the sequential approach, depending on how the domains are coupled, one can
employ one-way or two-way coupling solution strategies. In some multi-physics
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problems, the solution of domain A can have a strong effect on the behavior of domain B.
However, the behavior of the domain B may have little effect on that of domain A. For
example, in a quasi-static thermomechanial analysis, the temperature field significantly
affects the displacement and stress of the structure, however, the effect of displacement
and stress on the heat transfer in the structure is quite small. For such problems, one-way
coupling approach, which simply uses the solution from one domain as the input
parameters for the other domain, is sufficient. When the coupling is strong in both ways,
an iterative procedure is typically required and information must be exchanged between
the domains in the iterations until the solutions of the domains are all converged. This
approach is referred to as the two-way coupling approach.
Fluid structure interaction problem is one of the most frequently encountered
multi-physics problems in engineering. Fluid structure interaction is essential for
airplanes, wind mills, automobiles, ships, hydraulic power systems etc.. Such fluidstructure interaction problems are generally solved by using the sequential approach due
to the difference in the numerical methods applied in fluids and structures, and
availability of individual solvers. The degree of interaction between the fluid and
structure varies depending upon the problem. The problem can be one-way loading (e.g.
water pipes) or two-way loading (e.g. wind mills). If the motion of structure does not
affect the fluid domain then the one-way coupling is sufficient where as if the structure’s
movement changes the fluid flow then it is necessary to do a two-way coupling analysis.
The wind energy harvester under investigation is clearly a two-way coupling
problem. The motion of the beam structure and the fluid flow passing through the varying
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outlet opening are interdependent on each other. The strong coupling between the two
physical domains can only be addressed through a two-way coupling analysis. In
addition, due to the different descriptions and available solvers for the structural
(Lagrangian) and fluid (Eulerian) domains, a sequential approach is employed for the
coupled analysis. In this work, the dynamic response of the beam is computed by using
the Ansys structural solver and the fluid dynamics problem is solved by using the Ansys
CFX solver.

3.1 Geometrical modeling
The geometry of the model is shown in Fig. 8. The fluid domain is modeled as a
rectangular chamber by defining the height (

), width (

), length ( ) and thickness

( ) of the chamber. Cross-sectional area is the product of width (

) and height (

of the chamber, and volume is the product of cross-sectional area and length (

)

). The

beam is modeled by defining the width ( ), length ( ), and thickness ( ) of it, where
the ratio of length to thickness of the beam is large. The gap ( ) is modeled as the
distance between the top and side faces of the beam to the inner walls of the chamber.
The dimension of the gap ( ) is very small compared to the dimensions of the chamber
but is comparable to the thickness ( ) of the beam. The dimensions of the structures that
are used in the finite element model are summarized in Table 2.
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Fig 8: Geometric model for FEA.
Table 2 Geometric parameters
Dimension

Value

Gap (g)

0.3

Width of the beam (W)

16

Length of the beam (L)

32

Thickness of the beam (h)

0.3

Width of the chamber (

)

58.2

Height of the chamber (

)

79.1

Length of the chamber (

)

521.7

Thickness of the chamber wall ( )

5
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3.2 Material properties
The wind energy harvester shown in Fig. 8 uses a thin aluminum beam. The fluid
flow is air. In the experiments, the air chamber is constructed using a polyvinyl chloride
(PVC) pipe. In the finite element model, the air chamber is modeled as a rectangular pipe
with rigid walls. The air is modeled as a compressible isothermal ideal gas. The
temperature of air is fixed at 25 degree centigrade. The material properties of fluid and
structure that are used in the simulations are listed in Tables 3 and 4.
Table 3: Material properties of the cantilever beam
Property

Value

Density

2700

Young’s Modulus

69e9

Poisson’s ratio

0.34

Internal Damping Coefficient

0.0004

⁄

Table 4: Material properties of air
Property

Value

Density

1.185

Dynamic Viscosity

1.831e-05

Speed of Sound

346

Molar mass

28.96
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⁄

⁄
⁄

⁄

3.3 Boundary conditions and loads
As shown in Fig. 9, the fixed boundary condition is applied to the bottom face of
the beam to constrain the motion of the beam. The displacements in x, y and z-directions
are zero. To reduce the computational cost, we take advantage of the symmetry of the
device and only model half of it. The symmetry boundary condition is applied to the
vertical plane of symmetry of the device. For the beam structure, the beam displacement
is only allowed in x- and y-directions on the plane of symmetry. Interface boundary
conditions are applied on the faces of beam which are in contact with the fluid. The
interface is modeled such that the pressure load is received before the iteration of
structural calculation and displacement is transferred back to the fluid domain after the
iteration. Within the iteration the interface is a structural boundary with pressure load.
In the fluid domain, constant flow rate is applied at the inlet to maintain a steady
flow of fluid into the domain. The boundary of the volume outside of the outlet is
modeled with 0 Pa (above the atm pressure). To avoid the artificial reflection of the fluid
flow from the boundary, a large fluid volume is modeled outside of the air chamber, as
shown in Fig. 10. For the fluid analysis, the rigid walls of the air chamber also serve as a
part of the fluid domain boundary. Non-slip boundary condition is applied on the surface
of the walls where velocity components of fluid are zero. The symmetry boundary
condition is also applied to the fluid part of the symmetry plane. The beam-fluid interface
is modeled as a moving boundary. The calculated beam deformation is obtained from the
structural analysis before the fluid analysis iterations and the pressure loads are
transferred back to the beam after the fluid analysis.
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Inlet

Wall
Gap

Plane of symmetry
Symmetry
Beam

Fixed

Fig 9: Boundary conditions for structural analysis.

Opening
Wall

Air Chamber

Plane of Symmetry
Fig 10: Boundary conditions for fluid analysis.
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3.4 Mesh design
Due to the simple geometry of the beam, meshing the structure is straightforward.
However, the quality of fluid mesh is very important to the fluid domain solution and it is
often difficult to produce a good quality mesh with reasonable number of elements. There
are a large number of factors that affect the quality of fluid mesh. Described below are
the three factors among them that are most important for the accuracy of the fluid
solution.
Mesh orthogonality
As shown in Fig. 11, mesh orthogonality is defined as the measure of an angle
between the line connecting the centers of adjacent elements and the shared edge of the
elements, relative to the orthogonal angle. The minimum angle should be greater than 10
degrees and the maximum angle should be less than 170 degrees. The orthogonality angle
is similar to the measure of skewness of the mesh. Sharper angles will cause the
formation of negative volumes quickly after the starting of mesh movement.
Element
Orthogonality
measure

Element Centers
Fig 11: Mesh orthogonality measure.
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Mesh expansion factor
Mesh expansion factor is defined as the ratio of maximum distance to minimum
distance of a control volume node or edge to the element node in the control. The mesh
expansion factor should be below 20 to minimize the errors generated from discretizing
the transient and body forces. The mesh expansion factor of our FE model is around 13.

Minimum Distance

Control
Volume

Maximum Distance
Fig 12: Mesh expansion factor.
Aspect Ratio
The aspect ratio of a mesh is defined as the ratio of the largest to smallest
integration point surface area of a control volume surrounding a node. The aspect ratio
should be less than 100 to minimize the round off errors and difficulties in convergence
of the solution. To reduce the computational cost, the largest aspect ratio of our FE model
is 97. The elements around the gap are modeled with high aspect ratio to reduce the total
number of elements in the mesh.
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Maximum Area

Minimum Area

Control
Volume

Fig 13: Aspect ratio of control volume.
After taking into account the above factors, the model is meshed as shown in Figs.
14-15. It is important to point out that the gap is the crucial part in the meshing process.
Since the gap is very small compared to the other dimension of the system, an increase in
the number of elements inside the gap will significantly increase the total number of
elements, and consequently, largely increase the computational cost. However, if very
few elements are used in the gap, the accuracy of the solution deteriorates quickly. In this
work, a convergence study is first performed to determine the number of elements
required in the gap. The surrounding area is then meshed according to the aspect ratio,
element expansion ratio and orthogonality limits defined above.
The fluid domain is map meshed with hexahedral elements. The mesh is studied
in great detail by testing and refining the mesh in each area of interest. We observe that
the most important factor is the number of the elements in the gap of the domain. The
solution converges to a stable result when about 20 elements in gap is used, which gives
approximately 200,000 elements in the domain. The change in the result from 10
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elements to 20 elements in the gap is less than 1% and the result changes little beyond 10
elements within the gap. The change in the result with 5 elements to 10 elements in gap is
less than 5%. The mesh with 5 elements in gap is called the coarse mesh and that with 10
elements in the gap mesh as fine mesh. The total number of elements for 10 elements in
gap is about 80,000 and for 5 elements in gap is about 20,000. Though more elements in
the mesh gives better accuracy, the computational cost is formidable if a mesh of 200K
elements is used in the nonlinear coupled dynamic analysis since a minimum of 2000
time steps and many iterations within each time step are required in the simulation. Based
on the convergence study, we choose a mesh that gives a balanced accuracy and
computational cost, as discussed in Chapter 4. In addition, we make the structural mesh
coincide with the fluid mesh at the fluid-structure interface, to achieve better convergence
in load transfer.

Fig 14: Full domain mesh.
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Fig 15 Chamber fluid domain and interface mesh.

3.5 Multi-field master solver
Ansys MFX is a multi-field master solver used for solving multiple code coupling
problems. The MFX master solver serves as the master code and controls the mapping,
time step and stagger iterations in the multi-field solution. The time loop is determined by
the multi-field time step and the iteration loop within a time step between the solvers for
load convergence is called stagger loop which implicitly couples the field solvers. The
solution process controlled by the MFX master solver is shown in Fig. 16.

40

Master

Time Loop

Stagger Loop

CFX

ANSYS

End Stagger

End Time

Fig 16: MFX solver procedure.
Each field solver (structural solver and CFX solver) will solve its own field after
collecting the load information from the other solver. The field solvers will solve until the
transferred loads are converged or the maximum number of coupling iterations are
reached. The communication between the field solvers is carried in client server fashion.
The load transfer between the individual field solvers occurs at special points called
synchronization points during the solution and they are transferred completely on the
interfaces before solving of a field in the sequential method.
The loads are transferred in profile preserving interpolation or conservative
interpolation methods, as shown in Fig. 17. The profile preserving method interpolates
the values of receiving side nodes from the values of sending side element faces while the
conservative method interpolates the values of receiving element faces from the values of
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sending element faces. The profile preserving method uses bucket search algorithm while
the conservative method uses the tree search algorithm for transferring loads. The profile
preserving method is preferred for displacement transfer while the conservative method is
preferred for transferring forces.
Load Transfer

Receiving side element faces

Sending side element faces

Sending side element faces

Receiving side nodes

Nodes

Element Faces

Fig 17: Load transferring methods (a) Profile preserving and (b) Conservation method.

Utilizing the methods described above, structural solver finds the displacements
after reading the pressure on interface nodes from the fluid solver and transfers the
displacements to the fluid solver. The fluid solver will update the mesh after reading the
displacements from the structure solver and finds the pressure in fluid domain with the
new mesh, and transfers the pressure to the structure solver. This process repeats until the
load transfers are converged or the maximum coupling iterations are reached. The
coupled solver will proceed to next time step after load convergence and the process will
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repeat. The procedure is controlled by the MFX master solver and will end after the
transient end time is reached.
The coupling iterations are important as their number should be enough for the
load transfers to converge within a time step. The load transfer can achieve convergence
quickly if we neglect the small force transfers on the faces other than the face of the beam
directly facing the pressure form the reservoir. The similar mesh for the interface will
also account for the quick convergence of the load transfer, particularly profile
conserving displacement transfer from Ansys to Ansys CFX. The initial time steps
require more coupling iterations before the fluid flow is completely developed and will
require less coupling iterations after it is developed.

3.6 Fluid solver
Ansys CFX is an element based finite volume computational fluid dynamics
solver. It is capable of solving steady state or transient, laminar or turbulent, and
incompressible or compressible flow problems. It constructs finite volumes from the
mesh generated by discretizing the fluid domain. The centers of the edges are joined to
centers of element surrounding the node to create the finite volumes. The finite volumes
conserve the mass, momentum and energy while the nodes of the elements store the
solution variables.
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Element Center

Elements

Control Volume

Nodes

Fig 18: Ansys CFX control volume.
In the finite volume method, the equations are integrated over the control volume
and the integrated equations are discretized over the nodal points to form the set of
coupled equations. The integral form of the coupled equations of conservation of
continuity, momentum and energy over the control volume are given below.

∫

∫

∫

(58)

∫
(59)
∫

∫

∫

∫

∫
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(

)

∫

∫

∫

(60)

Ansys CFX is an implicit solver which solves the coupled system of equations.
The solution process is divided into two steps. The first step is to linearize the nonlinearized equations and assemble them into a matrix and the second step is solving the
linear system. Algebraic multi-grid method is used to solve the linear set of equations.
The method uses an iterative process by starting with an approximate solution and
converging towards accurate solution. This iterative process can be time consuming if the
number of elements is high or the elements have large aspect ratios.
Though CFX solver is implicit, it estimates the transient response for variable
density flow by using smaller time steps and lower number of iterations per time step. It
is recommended that only 3 CFX solver iterations per stagger iteration be used for
variable density flow. The time step is chosen after convergence analysis while also
considering the mesh deformation. We start around advection limit as initial guess and
vary it around the advection limit to see the change in the response. After careful analysis
we choose 0.00002s time step so that the mesh movement within a time step is not too
large for the solver and also that the transient effects are captured completely.

3.7 Structural solver
Ansys structural solver is a general finite element structural solver capable of
solving static, harmonic, transient, linear and nonlinear problems. The weak form of the
governing dynamic equation is given below which is discretized over the elements and
assembled into the respective matrices.
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(61)
∫

̈

∫

∫

∫

Note that in Eq. (61), i,j=1,2,3 represent the 3 directions, that is,

are

respectively. The solution part for the structure consists of solving the
following structural equation
̈
where

̇

(62)

is the structural mass matrix,

is the structural damping matrix,

stiffness matrix, ̈ is the nodal acceleration vector, ̇ is the nodal velocity vector,
nodal displacement vector and

is the
is the

is the applied force. Newark method is applied in the

solution of the transient analysis. It uses the finite difference expansions in the time
interval and it is assumed that
̇

(
̇

) ̈

̇

(

̈

(63)

) ̈

(64)
̈

where n and n+1 are corresponding to the nodal values at the nth and n+1th time step,
are the newmark integration parameters and
governing equation at

. Evaluating the

and finding the displacement at that time gives
(

̈
̇

̇

)
(

̇
) ̈

Substituting and rearranging such that the ̇

(

) ̈
̈

(65)

(66)

is expressed in terms of unknown

and combining above equations we have a complete equation to solve for the
displacement. The variables are updated after solving for the unknown.
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CHAPTER 4
RESULTS AND DISCUSSIONS

The fluid structure interaction analysis of energy harvester is carried out by
adopting the procedure described in Chapter 3. A convergence study of the numerical
model based on mesh and time step refinement is performed first to validate the results.
Then, the effect of a set of physical and design parameters on the performance of the
device is investigated. The key performance measures of the wind energy harvester are
the threshold pressure that triggers the onset of the self-sustained vibration, and the
magnitude of the beam vibration. The former represents the minimum wind speed that
starts the operation of the energy harvester. The latter determines the maximum output
voltage. Models with and without side gap are studied to demonstrate the effect of side
gap. The effect of fluid properties such as compressibility, viscosity and structure
properties such as internal damping are considered to study the physical reason for selfsustained beam oscillations. Two different configurations, open and closed configuration
are modeled and compared to lower the threshold pressure. Results obtained from the
reduced order model and the finite element model are compared to show the difference.
A new geometry of structure is designed to achieve higher displacement for a similar
mean pressure.

4.1 Convergence study
The displacement of the structure and pressure in the fluid domain, which are
important in identifying the threshold pressure and frequency of the self-sustained
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oscillations, are computed. The mesh is refined by increasing the number of elements in
the gap from 5 to 10 and the total number of elements from about 20,000 to 80,000
elements. The change in the transient response of the model is determined to observe the
dependency of numerical solution on discretization of the domain. The change of the
numerical solution is below 5% and coarse mesh is preferred considering the
computational cost due to mesh displacement and small transient time step. Figures 19
and 20 compare the displacement of structure and pressure in fluid domain for coarse and
fine meshes.

Fig 19: Displacement of structure for coarse and fine mesh.
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Fig 20: Pressure in fluid domain for coarse and fine mesh.

The dependence of numerical solution on time step is also determined along with
its dependence on element size. The transient time step is reduced gradually and the
displacement and pressure response of different time steps are compared. It is observed
that when the time step is reduced from 0.00002s to 0.00001s the difference in the
response is less than 1%, as shown in Figs. 21 and 22. Thus it is reasonable to use a time
step of 0.00002s to reduce the computational time required to run the simulation.
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Fig 21: Displacement for different time steps.

Fig 22: Pressure for different time steps.
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4.2 Effect of side gap
Gaps are around the cantilever beam in the actual device as shown in Figs. 2 and
8. This configuration requires a 3-D model for the numerical analysis. As discussed
previously, a large number of elements are required for the calculation, resulting in a very
high computational cost (more than 24 hours per simulation even for a “coarse” mesh of
20,000 elements). One consideration is that, if the effect of the side gap along the length
of the beam is small, we can model the device by using a 2-D model, which will greatly
increase the computational efficiency. To investigate the validity of this consideration,
the domain is modeled with and without side gap to study the effect of side gap on the
dynamic behavior of the device. Figure 23 shows the system models with and without
side gap included.
Air Chamber

Air Chamber

Gap
Gap
Beam
Beam

Fig 23: Models with and without side flow.

The model on the left in Fig. 23 does not include the side gaps and the model on
the right is the original model for the actual device. For a given inlet flow rate, the
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dynamic response comparison of the models is shown in Figs. 24 and 25 for beam
displacement and air pressure, respectively. Very different results are obtained for the
two models. For the model without the side gaps, a much larger deflection (with
oscillations) of the beam is observed. The pressure increases continuously to deflect the
beam. This result can be understood by observing the pressure profiles on the beams in
the two models as shown in Fig. 26. For the beam with the side gaps, a deflection of the
beam results in a larger pressure drop due to the side gap on the surface of the beam. The
beam move back quickly due to the mechanical restoring force. However, for the beam
without the side gaps, due to the smaller opening area for the same beam deflection, the
pressure drop is less. Thus, the beam has to be pushed further to reach a critical opening
area before it can move back. When it moves back, the pressure in the chamber builds up
quickly due to the fast close-up of the opening area. Therefore, the oscillation of the
beam without the side gaps will eventually be around a larger deflected position. This
result indicates that the side gaps are important to the dynamic response of the beam. A
3-D model is necessary for the analysis of the actual device.
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Fig 24: Displacement with and without side flow.

Fig 25: Pressure with and without side flow.
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Fig 26: Pressure contours (upper) model without side flow, (lower) model with side flow.
Velocity contours (Fig. 27) show the velocity profile in the gap of the fluid
domain. The exit velocity changes continuously as the area available for flow changes.
While the velocity in the model with no side gap is much higher than the one with side
gap, as expected, the velocity contours clearly show no development of vortex which, in
certain cases, can also cause self-sustained oscillations. This result indicates that the
oscillations are due to change in air pressure inside the chamber.
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Fig 27: Velocity contours without and with side flow.

4.3 Effect of fluid compressibility
It is observed that the compressibility of fluid is the key factor for self-sustained
oscillations of the beam. In the reduced order model, the compressibility of the fluid is
modeled through the sound velocity, i.e., (

), although the compressibility

effect is neglected at several places in the model reduction process as discussed in
Chapter 2. In the FE model, the compressibility is modeled completely in the
conservation equations. To investigate the effect of fluid compressibility, we simulate the
dynamic response of the device by using both compressible and incompressible
conditions.
Figures 28 and 29 show displacement and pressure response of the compressible
and incompressible fluids. It is observed that oscillation in both the displacement and
pressure wave is sustained in the compressible fluid. The oscillation is damped out in the
incompressible fluid after a period of time. We have further increased the input flow rate
to a very high level, the behavior of the two types of fluids is consistent. This study leads
to the conclusion that incompressible flow cannot produce a self-sustained oscillation.
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The compressibility of the fluid is a necessary condition for the operation of the device.
The above conclusion supports the explanation from acoustic principles, since
compressibility of the fluid is also a necessary condition for the formation of acoustic
waves.

Fig 28: Compressible and incompressible flow displacement.

Fig 29: Compressible and incompressible flow pressure.
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4.4 Effect of fluid viscosity
Figures 30 and 31 show the comparisons of beam deflection and pressure
response for air (viscous) and an inviscid flow. The effect of viscosity on the selfsustained oscillations of the beam is very small and it can be observed from the
comparison of displacement of structure. The reduced order model assumes the flow is
inviscid but accounts for viscous forces on structure by taking into account the viscous
damping coefficient. The viscosity of air is very low and the small thickness of beam
reduces the effect of viscous damping. Although the displacements of the structure with
and without viscosity included are close, there is a change in pressure. The pressure
decrease can be attributed to the absence of the viscous forces in an inviscid fluid flow.

Fig 30: Beam displacement in viscous and inviscid flow.
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Fig 31: Pressure response in viscous and inviscid flow.

4.5 Effect of structural damping
The non-linear dynamics theory explains the self-sustained oscillations as a
process where the energy pumped into the system overcomes energy dissipated through
damping. In this regard, it is important to understand the effect of the structural damping
on the self-sustained oscillations. The self-explanatory Figs. 32 and 33 show that the
internal structural damping does not have much effect on the self-sustained oscillations
because of the low loss factor of aluminum which is around 0.0004. Although we observe
a quite small change in the displacement of the structure due to the internal damping, the
structural damping effect on the pressure in fluid domain and the threshold pressure is
minimal.
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Fig 32: Effect of structural damping on beam displacement.

Fig 33: Effect of structural damping on air pressure.
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4.6 Effect of beam mounting configuration
The study in this section involves two different types of beam mounting
configurations. One is open type configuration in which the beam is outside the gap and
other is a closed type configuration in which the beam is inside the gap, as shown in Fig.
34. The reason behind studying two types of configurations is to investigate the effect of
flow contraction which is dependent on the area available for flow.

Air Chamber

Closed Configuration

Beam

Flow

Beam

Flow

Air Chamber

Open Configuration

Fig 34: Closed and open configuration of beam.

Figures 35 and 36 show displacement and pressure time history comparisons for
the two types of configurations with similar average air pressure. The beam displacement
of the open configuration is higher than that of the closed configuration, which is
desirable in energy harvesting. Next we compare the pressure distribution on the surface
of the beam in the open configuration (Fig. 37) and that in the closed configuration (Fig.
38) for the same inlet flow rate, it is observed that the air pressure in the closed
configuration is higher. Another important characteristic observed in Figs. 37 and 38 is
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that the flow contraction is a function of the beam displacement. Figure 39 shows the
comparison of the velocity profiles in the closed and open configuration. It is shown
consistently in all these results that the beam deflection in the open configuration gives a
more rapid opening area increase and faster flow contraction decrease. The open
configuration enables a faster decrease of the air pressure on the surface of the beam,
allowing the mechanical restoring force move the beam back toward its original position
more easily. Thus, a lower threshold pressure for the open configuration is expected. This
is indeed confirmed from the simulations. We obtain the threshold pressure for the
system with two configurations. It is found that the threshold pressure for open
configuration is 10 Pa. The threshold pressure for closed configuration is 20 Pa which is
higher than that for the open configuration. In addition, threshold pressure variation of
the two configurations are computed for different chamber volumes, it is found that the
threshold pressure of the open configuration is consistently lower in all cases, as will be
discussed later. From these results, one can conclude that the open configuration gives a
better performance of the energy harvester.
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Fig 35: Displacement of Open and Closed Configurations.

Fig 36: Pressure of Open and Closed Configurations.
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Fig.37: Pressure contours on the beam in closed configuration.

63

Fig 38: Pressure contours on the beam of open configuration.
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Fig 39: Velocity contours in the closed (top) and open (bottom) configurations.

Next, we compare the results obtained from the FE models (open and closed
configurations) with those obtained from the reduced order model. The comparisons of
the beam displacement, air pressure, threshold pressure as a function of chamber volume,
and the frequency of the beam vibration are shown in Figs. 40, 41, 42 and 43,
respectively. While similar dynamic responses are obtained from the reduced order and
FE models, the magnitude of the physical quantities are different. The common dynamic
response characteristics observed from all the results are: (1) self-sustained vibration of
the beam is established when the average air pressure is above a threshold value; (2) the
threshold pressure decreases with the increase of the air chamber volume; (3) the
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vibration frequency of the beam decreases with the increase of the air chamber volume. It
is shown that the results obtained from the reduced order model are relatively comparable
to those from the FE model with closed configuration. The reason for the difference can
be examined from the assumptions and simplifications listed in Table 1. The results show
that the inclusion of fluid compressibility and time dependent outlet opening enables the
reduced order model capture the important characteristics of the dynamic responses.
Numerical calculations indicate that the effects of air viscosity and structural damping are
very small. Therefore, the inviscid flow assumption and damping coefficient
simplification in the reduced order model are reasonable. Fluid flow vortex is not
observed in the FEA results, indicating the irrotaional flow assumption is valid. However,
the FEA results show that (1) structural configuration of the beam and geometric
characteristics of the outlet opening have significant effect on the results; (2) the flow
contraction is indeed time dependent which is also important to the system response; (3)
air pressure on the beam is in fact distributed and the distribution is time dependent.
These three factors are not considered (or neglected) in the reduced order model. From
this analysis, we conclude that the reduced order model can be further improved by
including these factors in the model.
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Fig 40: Beam displacement response obtained from reduced order, closed configuration
and open configuration models.

Fig 41: Air pressure response obtained from reduced order, closed configuration and
open configuration models.
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Fig 42: Threshold pressure as a function of air chamber volume.
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Fig 43: Vibrational frequency of beam as a function of air chamber volume.
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4.7 Effect of beam shape
In this section, we propose a new design of a T-shaped beam for the energy
harvester and investigate the performance of the new beam. The new model is shown in
Fig. 44. The consideration of this design is that, with the T-shaped beam, the surface area
of the beam subjected to the fluid pressure is increased. However, the increase of the
surface area is only at the tip of the beam. The beam cross section does not change along
the length of the beam except at the tip. This design enables the increase of the surface
area without increasing beam’s bending stiffness. With a larger force (pressure multiplied
by surface area) from the air and the same bending stiffness, the beam will deflect more
under the same air pressure. In addition, the open configuration of the beam is employed
in new model to achieve low threshold pressure.

Fig 44: New T-shaped beam model
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From the FE analysis, the threshold pressure of the new model is about 10 Pa. It is
similar to the threshold pressure of the simple beam with open configuration. Figure 45
shows the comparison of the beam displacement obtained from the simple beam and Tbeam designs, at a pressure just above their threshold pressures. It shows that the T-beam
displacement is more than 40% higher than that of the simple beam. The threshold
pressures shown in Fig. 46 (mean pressure in the figure), however, is similar for both
beams. Figures 47 and 48 are the pressure and velocity profiles of the new beam, which
are also similar in the simple beam case.
The results of the new design indicate that, by changing the geometry of the
beam, a larger displacement can be achieved without increasing the threshold pressure.
The increase of the beam deflection will induce a larger strain in the piezoelectric layer
and a larger output voltage of the energy harvester, which is desired in many applications.

Fig 45: Displacement of old and new models
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Fig 46: Pressure of old and new models

Fig 47: Pressure contour of the new model.

Fig 48: Velocity contour of the new model.
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CHAPTER 5
CONCLUSION
In this work, modeling and finite element analysis of fluid-structure interaction in
a wind energy harvester is performed. A full 3-D finite element model is constructed for
the device. The fundamental mechanism of the fluid-structure interaction in the device
that results in the self-sustained beam vibration is investigated. It is found that the
compressibility of the fluid is the key factor. The result indicates that the beam vibration
in the wind energy harvester cannot be sustained in incompressible fluids. By using the
finite element model, the effects of a set of physical and design parameters, such as the
fluid viscosity, chamber volume, side gap and configuration of the beam at the outlet, are
studied. It is found that fluid viscosity and structural damping effects are small. The side
gap, chamber volume and beam configuration are important to the performance of the
device. In addition, theoretical derivation and numerical results of a reduced order model
are compared with those of the full continuum model. Important factors that may be
incorporated to improve the reduced order model are identified. Based on the numerical
analysis results, a T-beam design is proposed to obtain a larger deflection of the beam
under the given air pressure in the chamber. The increase of the beam deflection will
induce a larger strain in the piezoelectric layer and a larger output voltage of the energy
harvester, which is desired in many applications.
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Appendix
Input Files of Fluid and Structure Domain Modeling
/com ** ===================================
/com ** ansys file to get cdb file for cfx
/com ** ===================================
mesh=1
*if,mesh,eq,1,then
/prep7
/com -- Element types
et,1,fluid142
et,2,mesh200,6,1
/com -- Fluid domain geometry
block,0.0000,0.5009,0.0000,0.0791,0.0000,0.0291
block,0.5212,0.5217,0.0580,0.0583,0.0000,0.0080
block,0.5212,0.5217,0.0580,0.0583,0.0080,0.0083
block,0.5212,0.5217,0.0000,0.0580,0.0080,0.0083
block,0.5212,0.5217,0.0000,0.0580,0.0000,0.0080
block,0.5217,0.5222,0.0580,0.0583,0.0000,0.0080
block,0.5217,0.5222,0.0580,0.0583,0.0080,0.0083
block,0.5217,0.5222,0.0000,0.0580,0.0080,0.0083
block,0.5217,0.5222,0.0000,0.0580,0.0000,0.0080
block,0.5222,0.5225,0.0580,0.0583,0.0000,0.0080
block,0.5222,0.5225,0.0580,0.0583,0.0080,0.0083
block,0.5222,0.5225,0.0000,0.0580,0.0080,0.0083
k,97,0.5217,0.0791,0.0000
k,98,0.5217,0.0791,0.0291
k,99,0.5217,0.0000,0.0291
k,100,0.5225,0.0000,0.0000
k,101,0.5222,0.0791,0.0000
k,102,0.5222,0.0791,0.0291
k,103,0.5222,0.0000,0.0291
k,104,0.5430,0.0000,0.0000
k,105,0.5430,0.0791,0.0000
k,106,0.5430,0.0791,0.0291
k,107,0.5430,0.0000,0.0291
k,108,0.5222,2.0580,0.0000
k,109,0.5222,2.0580,2.0080
k,110,0.5222,0.0000,2.0080
k,111,2.5011,0.0000,0.0000
k,112,2.5011,2.0580,0.0000
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k,113,2.5011,2.0580,2.0080
k,114,2.5011,0.0000,2.0080
v,9,11,23,24,3,97,98,7
v,24,23,30,29,7,98,99,6
v,34,9,24,29,4,3,7,6
v,73,75,87,88,101,105,106,102
v,88,87,94,93,102,106,107,103
v,100,75,87,94,104,105,106,107
v,101,105,106,102,108,112,113,109
v,102,106,107,103,109,113,114,110
v,104,105,106,107,111,112,113,114
vglue,all
numcmp,line
numcmp,area
numcmp,volu

lesize,108,,,9,50
lesize,114,,,9,50
lesize,121,,,9,50
lesize,122,,,9,50
lesize,131,,,17,1
lesize,132,,,17,1
lesize,133,,,17,1
lesize,134,,,17,1
lesize,39,,,10,1
lesize,45,,,10,1
lesize,118,,,10,1
lesize,119,,,10,1
lccat,108,131
lccat,114,132
lccat,121,133
lccat,122,134
vmesh,all
alls

vsel,s,,,10
vsel,a,,,14,15
aslv
lsla

vsel,s,,,2
vsel,a,,,6,9
vsel,a,,,11,13
aslv
lsla

lesize,34,,,10,1
lesize,40,,,10,1
lesize,103,,,10,1
lesize,104,,,10,1
lesize,36,,,9,1/50
lesize,37,,,9,1/50
lesize,42,,,9,1/50
lesize,43,,,9,1/50
lesize,35,,,10,1
lesize,38,,,10,1
lesize,113,,,10,1
lesize,117,,,10,1
lesize,41,,,10,1
lesize,44,,,10,1
lesize,120,,,10,1
lesize,125,,,10,1
lesize,105,,,10,1
lesize,106,,,10,1
lesize,123,,,10,1
lesize,124,,,10,1

lesize,97,,,5,1/5
lesize,98,,,5,1/5
lesize,14,,,7,1
lesize,16,,,7,1/1
lesize,13,,,10,1
lesize,15,,,10,1
lesize,21,,,9,50
lesize,24,,,9,50
lesize,22,,,9,1/50
lesize,23,,,9,1/50
lesize,20,,,10,1
lesize,28,,,10,1
lesize,87,,,10,1
lesize,90,,,10,1
lesize,18,,,10,1
lesize,26,,,10,1
lesize,88,,,10,1
lesize,89,,,10,1
lesize,17,,,7,1/1
lesize,19,,,7,1/1

ldiv,108,0.138
ldiv,114,0.138
ldiv,121,0.138
ldiv,122,0.138

lesize,25,,,7,1/1
lesize,27,,,7,1/1
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lesize,99,,,5,1/5
lesize,100,,,5,1/5
lesize,115,,,5,1/5
lesize,116,,,5,1/5

vsel,s,,,16,17
vsel,a,,,20
aslv
lsla

ldiv,91,0.138
ldiv,92,0.138
ldiv,93,0.138
ldiv,94,0.138
ldiv,101,0.138
ldiv,102,0.138
ldiv,107,0.138

ldiv,46,0.384615
ldiv,48,0.615385
ldiv,50,0.615385
ldiv,52,0.615385
ldiv,54,0.615385
ldiv,56,0.615385
ldiv,57,0.615385

lesize,91,,,9,50
lesize,92,,,9,50
lesize,93,,,9,50
lesize,94,,,9,50
lesize,101,,,9,50
lesize,102,,,9,50
lesize,107,,,9,50
lesize,139,,,17,1
lesize,140,,,17,1
lesize,141,,,17,1
lesize,142,,,17,1
lesize,143,,,17,1
lesize,144,,,17,1
lesize,145,,,17,1
lesize,33,,,7,1/1
lesize,110,,,5,1/5
lesize,95,,,9,50
lesize,96,,,9,50
lesize,109,,,9,50
lesize,31,,,10,1
lesize,32,,,10,1
lesize,29,,,7,1/1
lesize,30,,,7,1/1
lesize,111,,,5,1/5
lesize,112,,,5,1/5

lesize,46,,,9,50
lesize,154,,,9,1/50
lesize,153,,,4,1
lesize,48,,,4,1
lesize,155,,,9,1/50
lesize,156,,,9,1/50
lesize,50,,,4,1
lesize,52,,,4,1
lesize,47,,,7,1
lesize,51,,,7,1
lesize,10,,,19,1
lesize,11,,,19,1
lesize,49,,,19,1
lesize,3,,,36,1
lesize,6,,,36,1
lesize,53,,,36,2
lesize,157,,,9,1/50
lesize,158,,,9,1/50
lesize,159,,,9,1/50
lesize,54,,,4,1
lesize,56,,,4,1
lesize,57,,,4,1
lesize,55,,,7,1
lsel,r,lcca
ldele,all
lsla

lccat,91,139
lccat,92,140
lccat,93,141
lccat,94,142
lccat,101,143
lccat,102,144
lccat,107,145

lccat,24,90
lccat,21,87
lccat,23,89
lccat,31,95
lccat,46,153
lccat,48,154
lccat,50,155
lccat,52,156

vmesh,all
alls
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lccat,54,157
lccat,56,158
lccat,57,159

vmesh,all
alls
vsel,s,,,18,19
vsel,a,,,21
aslv
lsla

lsel,s,,,20
lsel,a,,,93
lsel,a,,,141
lccat,all
lsla
lsel,s,,,28
lsel,a,,,101
lsel,a,,,143
lccat,all
lsla
lsel,s,,,26
lsel,a,,,102
lsel,a,,,144
lccat,all
lsla
lsel,s,,,13
lsel,a,,,91
lsel,a,,,139
lccat,all
lsla

ldiv,126,0.384615
ldiv,127,0.384615
ldiv,58,0.384615
ldiv,61,0.615385
ldiv,65,0.615385
ldiv,69,0.615385
ldiv,128,0.384615
lesize,126,,,9,50
lesize,127,,,9,50
lesize,171,,,4,1
lesize,172,,,4,1
lesize,58,,,9,50
lesize,174,,,9,1/50
lesize,173,,,4,1
lesize,61,,,4,1
lesize,59,,,10,1
lesize,62,,,10,1
lesize,60,,,19,1
lesize,63,,,19,1
lesize,64,,,36,1
lesize,67,,,36,1/2

amesh,17
amesh,18
amesh,20
amesh,87
amesh,88
vsweep,16
vsweep,17
vsweep,20
alls

ldiv,129,0.138
lesize,68,,,36,1
lesize,129,,,9,50
lesize,178,,,17,1
lesize,70,,,19,1
lesize,66,,,10,1
lesize,128,,,9,50
lesize,175,,,9,1/50
lesize,176,,,9,1/50
lesize,65,,,4,1
lesize,69,,,4,1
lesize,177,,,4,1
lesize,130,,,9,50

vsel,s,,,1
aslv
lsla
lesize,2,,,20,-20
lesize,7,,,20,-20
lesize,4,,,20,-20
lesize,5,,,20,-20
lesize,1,,,36
lesize,8,,,36

lsel,r,lcca
ldele,all
lsla

lesize,9,,,19
lesize,12,,,19
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lccat,37,117
lccat,43,125
lccat,42,120
lccat,45,130
lccat,126,171
lccat,127,172
lccat,58,173
lccat,61,174
lccat,128,177
lccat,65,175
lccat,69,176

lesize,75,,,30,1/50
lesize,73,,,30,1/50
lesize,77,,,30,1/50
lesize,72,,,10,1
lesize,76,,,10,1
lesize,74,,,19,1
lesize,78,,,19,1
lesize,84,,,36,1
lesize,79,,,36,1
lesize,83,,,36,1
lesize,85,,,30,1/50
lesize,80,,,30,1/50
lesize,82,,,30,1/50
lesize,81,,,10,1
lesize,86,,,19,1

lsel,s,,,38
lsel,a,,,114
lsel,a,,,132
lccat,all
lsla
lsel,s,,,44
lsel,a,,,122
lsel,a,,,134
lccat,all
lsla
lsel,s,,,41
lsel,a,,,121
lsel,a,,,133
lccat,all
lsla
lsel,s,,,40
lsel,a,,,129
lsel,a,,,178
lccat,all
lsla

vmesh,all
alls
aclear,all
lsel,s,lcca,,all
ldele,all
alls
numcmp,node
numcmp,elem
asel,s,,,57
type,3
mesh only elements
amesh,all
allsel,below,area
cm,fsi1,elem
component named fsi
allsel

amesh,80
amesh,81
amesh,84
amesh,90
amesh,91

asel,s,,,55
type,3
mesh only elements
amesh,all
allsel,below,area
cm,fsi2,elem
component named fsi
allsel

vsweep,18
vsweep,19
vsweep,21
alls
vsel,s,,,3,5
aslv
lsla

asel,s,,,70
type,3
mesh only elements
amesh,all

lesize,71,,,30,50
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!with

!Create

!with

!Create

!with

allsel,below,area
cm,fsi3,elem
component named fsi
allsel

asel,a,,,82
asel,a,,,31
asel,a,,,35
asel,a,,,32
asel,a,,,28
asel,a,,,68
type,2
amesh,all
allsel,below,area
cm,top,elem
!Create
component named sym1
allsel

!Create

asel,s,,,89
type,3 !with mesh only element
amesh,all
allsel,below,area
cm,fsi4,elem
!Create
component named fsi
allsel
asel,s,,,5
type,2
!with mesh
only elements
amesh,all
allsel,below,area
cm,inlet,elem
!Create
component named inlet
allsel

asel,s,,,53
asel,a,,,7
asel,a,,,46
asel,a,,,41
asel,a,,,58
asel,a,,,87
asel,a,,,17
asel,a,,,1
asel,a,,,25
asel,a,,,34
asel,a,,,80
asel,a,,,90
type,2
amesh,all
allsel,below,area
cm,sym1,elem
!Create
component named sym1
allsel

asel,s,,,2
asel,a,,,3
asel,a,,,4
asel,a,,,88
asel,a,,,20
asel,a,,,79
asel,a,,,77
asel,a,,,21
asel,a,,,19
asel,a,,,45
asel,a,,,14
asel,a,,,60
asel,a,,,61
asel,a,,,64
asel,a,,,65
asel,a,,,67
asel,a,,,49
type,2
amesh,all
allsel,below,area
cm,bottom,elem
!Create
component named bottom
allsel

asel,s,,,29
asel,a,,,33
asel,a,,,36
type,2 !with mesh only element
amesh,all
allsel,below,area
cm,outlet,elem
!Create
component named opening
allsel
save
cdwrite,db,fluid,cdb !Create
fluid.cdb
!file for CFXpre
*else
cdread,db,fluid,cdb
*endif
finish

asel,s,,,84
asel,a,,,91
asel,a,,,85
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Structure Input file
/com **===========================
/com ** ANSYS structure input file
/com **===========================
/prep7
/com -- Element types
et,1,45 !3-D 20-Node Structural
/com-Material properties for
Silicon
mp,ex,1,69e9
!Young
modulus
mp,prxy,1,0.34
!Poisson
coefficient
mp,dens,1,2700
!Density
/com -- Modeling
block,0.5222,0.5225,0.0000,0.0580,
0.0000,0.0080
ldiv,1,0.138
ldiv,3,0.862
ldiv,6,0.862
ldiv,8,0.138
lesize,2,,,10
lesize,4,,,10
lesize,1,,,9,50
lesize,14,,,9,1/50
lesize,13,,,17,1
lesize,3,,,17,1
lesize,5,,,10
lesize,7,,,10
lesize,8,,,9,50
lesize,15,,,9,1/50
lesize,16,,,17,1
lesize,6,,,17,1
lesize,9,,,9,50
lesize,10,,,9,1/50
lesize,11,,,9,1/50
lesize,12,,,9,50

lccat,8,16
/com -- Meshing
mshape,0,3D
mshkey,1
vmesh,all
/com - Boundary conditions
asel,s,,,3
nsla,s,1
d,all,all,0
alls
asel,s,,,5
nsla,s,1
sf,all,fsin,1
alls
asel,s,,,4
nsla,s,1
sf,all,fsin,2
alls
asel,s,,,2
nsla,s,1
sf,all,fsin,3
alls
asel,s,,,6
nsla,s,1
sf,all,fsin,4
alls
asel,s,,,1
nsla,s,1
d,all,uz,0
alls
finish
/sol
antype,tran
nlgeom,on
deltim,2e-5,2e-5,2e-5,off
outres,all,all
finish
/prep7
cdwrite,db,structure,cdb
finish

lccat,1,13
lccat,3,14
lccat,6,15
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MFX Master Input file
/COM,ANSYS RELEASE 12.0.1 UP20090415
11:42:01
06/27/2011
/PREP7
/NOPR
/TITLE,
ANTYPE, 4
NLGEOM, 1
TRNOPT,FULL,,DAMP
MFAN,ON
MFTI, 4.000000000E-02
MFDT, 2.000000000E-05, 2.000000000E-05, 2.000000000E-05,OFF
MFIT,
100,
1,
10
MFCO,UX , 9.999999776E-03
MFCO,UY , 9.999999776E-03
MFCO,UZ , 9.999999776E-03
MFCO,FX , 9.999999776E-03
MFCO,FY , 9.999999776E-03
MFCO,FZ , 9.999999776E-03
MFCO,TEMP, 9.999999776E-03
MFCO,HFLU, 9.999999776E-03
MFCO,HGEN, 9.999999776E-03
MFRE,DISP, 0.750000000
,RELX
MFRE,FORC, 0.750000000
,RELX
MFRE,TEMP, 0.750000000
,RELX
MFRE,HFLU, 0.750000000
,RELX
MFRE,HGEN, 0.750000000
,RELX
MFRE,VELO, 0.750000000
,RELX
MFRE,ALL , 0.750000000
,RELX
MFRS, 0.00000000
MFPS,group1,ANSYS,
MFPS,group2,CFX,
MFSO,group2,group1,
MFLC, SURF,ANSYS,1,DISP,CFX,FSI1,Total Mesh Displacement,NONC
MFLC, SURF,CFX,FSI1,Total Force,ANSYS,1,FORC,CPP
MFLC, SURF,ANSYS,2,DISP,CFX,FSI2,Total Mesh Displacement,NONC
MFLC, SURF,ANSYS,3,DISP,CFX,FSI3,Total Mesh Displacement,NONC
MFLC, SURF,ANSYS,4,DISP,CFX,FSI4,Total Mesh Displacement,NONC
*IF,_CDRDOFF,EQ,1,THEN
!if solid model was read in
_CDRDOFF=
!reset flag, numoffs already performed
*ELSE
!offset database for the following FE
model
NUMOFF,NODE,
714
NUMOFF,ELEM,
480
NUMOFF,MAT ,
1
NUMOFF,TYPE,
1
*ENDIF
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